increased at elevated rhizosphere DIC concentrations and that the products of DIC incorporation may stimuRespiratory CO 2
Introduction the reduction requirements of anaplerotic carbon
The rate of ATP production in roots depends on three entering the TCA cycle or the removal of carbon from processes; maintenance of root biomass, root growth and the TCA cycle for amino acid synthesis. In both NO− 3 ion uptake (Johnson, 1990) . The rate of ATP production and NH+ 4 -fed plants elevated DIC inhibited root CO 2 for maintenance is linearly related to the fresh weight of release due to high rates of DIC incorporation by phosthe root (Lambers et al., 1996b) and increases with tissue phoenolpyruvate carboxylase (PEPc) activity. Transient nitrogen or protein concentration (Qi et al., 1994) . The net CO 2 consumption due to the inhibition of respirarate of ATP production for root growth and anion uptake tion by salicylhydroxamic acid and KCN, together with is proportional to the relative growth rate of the roots high respiratory quotients after the addition of inhiband the uptake of anions, respectively (Lambers et al., itors of carbonic anhydrase (CA) activity, were also 1996b). Respiratory electron transport in plants can proascribed to high rates of DIC incorporation at elevated ceed via either the cytochrome or the alternative path-DIC concentrations. Ethoxyzolamide, an inhibitor of CA ways. Per O 2 , the alternative pathway produces one-third activity, inhibited both DI14C incorporation into organic of the amount of ATP of the cytochrome pathway products and NO− 3 uptake by 81% and 40%, respect- (Lambers et al., 1996a) . Carbohydrate supply and energy ively. This, together with a 32% increase in DI14C accudemand both influence the extent of engagement of the mulation and inhibition of NO− 3 uptake upon inhibition alternative pathway (Lambers et al., 1996b) . of anion transport by diisothiocyanato-stilbene-2,2∞-Effects of CO 2 concentration on the rate of respiration disulphonic acid (DIDS) may indicate the exchange of have been found in several species (Bunce and Ziska, HCO− 3 for NO− 3 across the root plasmalemma. It was concluded that dark incorporation of HCO− 3 by PEPc 1996). These effects include alterations of intercellular pH, refixation of respired CO 2 , suppression of respiratory acids . Cramer et al. (1995) concluded that enhanced root incorporation of HCO− 3 by enzymes, and diversion of electron transport to the alternative oxidase (Qi et al., 1994) . Respiration of roots and PEPc into oxaloacetate and subsequently into amino acids is a feature typical of root NH+ 4 assimilation, isolated mitochondria have been reported both to decrease and increase with elevated CO 2 (Palta and whether the NH+ 4 is acquired from the nutrient medium or from NO− 3 reduction within the root. Nitrate may be Nobel, 1989; Ziska et al., 1991; Azcon-Bieto et al., 1994; Johnson et al., 1994; Qi et al., 1994; Thomas and Griffin, reduced in the root or shoot, the proportion depending on various factors including the level of NO− 3 supply, the 1994; Ziska and Bunce, 1994; Bunce and Ziska, 1996; Gonzàlez-Meler et al., 1996; Wullschleger et al., 1994) . plant species and age, the temperature, light intensity (Marschner, 1995) , and salinity-stress (Cramer and Lips, The problem with many previous experiments is that CO 2 efflux, and not O 2 consumption rates, were used as an 1995). The site of NO− 3 reduction has an important impact on the carbon economy of plants and high PEPc indication of respiration ( Wullschleger et al., 1994) . Dark incorporation of HCO− 3 occurs in the roots of most plants activity is required to replenish tricarboxylic acids of the TCA cycle utilized for the assimilation of N into amino due to the presence of phosphoenolpyruvate carboxylase (PEPc) which, in combination with carbonic anhydrase acids in the roots (Marschner, 1995) . Reduction of NO− 3 in the root is also relatively expensive in terms of (CA), has a high affinity for CO 2 (Makino et al., 1992) . The possible functions of PEPc in roots include anaplerenergy compared to reduction in the shoot, which depends on photosynthetic energy. otic replenishment of TCA cycle intermediates, pH-stat functioning, NAD(P) regeneration and refixation of
The purpose of this investigation was to determine whether elevated rhizosphere DIC concentration influrespired CO 2 ( Vuorinen and Kaiser, 1997). In vivo PEPc activity measured as 14C incorporation in roots was found ences root respiration in tomato plants and the biochemical mechanism involved. The possible role of PEPc, CA to be higher in the roots of plants aerated with 5000 mmol mol−1 rhizosphere CO 2 concentration than in and NO− 3 uptake in the observed changes in CO 2 and O 2 flux were investigated, and the contribution of the alternplants aerated with 360 mmol mol−1 rhizosphere CO 2 concentrations (Cramer and Lips, 1995) .
ative and cytochrome respiratory electron transport pathways were determined at different rhizosphere DIC Inorganic carbon can enter the plant either as CO 2 or HCO− 3 , depending on the pH (Matsuda and Colman, concentrations. 1995; Cramer et al., 1996) . The proportion of HCO− 3 increases from c. 2% at pH 5 to 95% at pH 8 ( Walker,
Materials and methods

1976). Uptake of HCO−
3 requires either a symport with H+, an antiport with an OH− or, alternatively, HCO− 3
Plant material in the cell wall may trap H+ to yield CO 2 which could
Nine-day-old seedlings of Lycopersicon esculentum (L.) cv. F144 diffuse into the cell (Lucas, 1983 NO− 3 -fed plants allocated relatively more 14C into organic supplied through precision needle valves to each plant root at Measurement of DI14C uptake c. 60 ml min−1. After a period of acclimatization (12 h), the Incorporation of 14C was measured by adding 42 nmol NaHCO 3 plants were exposed to various CO 2 concentrations and other containing 0.093 MBq NaH14CO 3 to the nutrient solutions treatments (specified elsewhere). Industrial grade CO 2 was containing different concentrations of either DIDS, AZ or EZ. introduced into a cylinder of compressed air to obtain a supply After 30 s aeration to allow mixing of the solution, aeration of elevated CO 2 (c. 2000-4000 mmol mol−1). Air was passed was discontinued for 60 min during which the solutions were through a 0.8×0.15 m column of self-indicating soda lime to swirled by hand every 5 min. Roots were then rinsed twice in obtain CO 2 -depleted air. The CO 2 flux from the roots was dH 2 O, blotted dry, and the plants divided into shoot and root measured with an ADC-225-MK3 infrared gas analyser which components which were weighed and immediately quenched in was calibrated with appropriate CO 2 concentrations prepared liquid N before storage at −20°C. Plant components were by mixing pure CO 2 with N 2 in a gas mixing syringe (Li-Cor homogenized in cold 80% ethanol (v/v). The suspension was Inc. Model 6000-01, Lincoln, NE ). At the flow rates used here, extracted for 1 h at 45°C in a water bath before filtration the DCO 2 concentrations were of the order of c. 100 mmol mol−1, through Whatman No. 1 filter paper. The volume of the filtrate ensuring that CO 2 flux could be measured against relatively was adjusted to 100 ml with distilled water. For determination high background CO 2 concentrations. of organic 14C, a 50 ml of sample was acidified with 100 ml of Root consumption of O 2 was measured with polarographic 0.3 M HCl, made up to 200 ml with distilled water and shaken O 2 electrodes ( Yellow-Springs Instrument Co. Inc., Yellowfor 12 h. The samples were counted in a Beckman Instruments Springs, Ohio) immersed in the nutrient solution through a LS 1801 TD liquid scintillation counter (California, USA), with port in each cuvette. Immediately prior to each O 2 measurement, 1.5 ml Ready-gel (Beckman) scintillation fluid. the air supply to the root solution of each plant was discontinued, gas bubbles flushed from the cuvettes and Assessment of alternative and cytochrome pathway activity depletion of O 2 measured. With this system in which the plants Although the use of inhibitors for measurement of alternative were not handled at all for at least 12 h prior to measurements pathway activity has been questioned (Day et al., 1996) , and in which aeration was maintained until immediately prior inhibitors were used in this study to compare the relative to measurements, O 2 depletion was linear over time, in contrast contribution of alternative pathway at low and high rhizosphere to the non-linearity described by Bingham (1992) . Oxygen DIC concentrations. Inhibitors were used with the precautions depletion was measured over 10-20 min during which time CO 2 described by Lambers (1997) . It was established by titration of accumulation was negligible. After the measurements, the plants respiration with KCN in the presence and the absence of 4 mM were harvested, divided into root and shoot components, ovensalicylhydroxamic acid (SHAM ) that the slope of the plot dried at 80°C for 48 h, weighed and the respiration rate describing the effect of KCN on respiration in the absence of expressed on the basis of root dry mass.
SHAM against that in the presence of SHAM was 1.17 ( Fig. 1) . It was thus concluded that inhibition of the alternative pathway The role of carbonic anhydrase activity did not affect the activity of the cytochrome pathway. For Acetazolamide (AZ ), a membrane-impermeable inhibitor of determination of the effect of rhizosphere DIC on cytochrome CA, inhibits CA outside the root plasmalemma thereby and alternative pathway activities, six plants were allowed to eliminating the catalysis of the interconversion of HCO− 3 and acclimate in the cuvettes overnight after which they were CO 2 . Ethoxyzolamide (EZ) is a lipid-permeable inhibitor and transferred to fresh nutrient solutions containing no FeEDTA. inhibits CA activity both outside and inside the plasmalemma. Five plants were transferred to the cuvettes and allowed to acclimate overnight at rhizosphere CO 2 concentrations of 360 mmol mol−1. The rhizosphere CO 2 concentration was then decreased to 0 mmol mol−1 and O 2 and CO 2 flux measured after an equilibration period of 3 h. The CO 2 concentration was then increased to 4000 mmol mol−1 and the O 2 and CO 2 flux again measured after 3 h. Acetazolamide (0.4 mM ) was added and O 2 and CO 2 flux measured after a further 1.5 h. Ethoxyzolamide (0.1 mM ) was then added and respiration measured after a further 1.5 h.
Inhibition of anion transport
Six plants were allowed to acclimate at ambient rhizosphere DIC concentrations. The CO 2 concentration was then increased to 2000 mmol mol−1 and measurements of O 2 and CO 2 flux were made after 3 h. DIDS (0.3 mM ) was added to three of the cuvettes and O 2 and CO 2 flux measured after 3 h.
Nitrate uptake
The plants were pretreated with 0.2 mM NaNO 3 for 12 h before transfer into 300 ml of fresh nutrient solutions (5 replicates per Three plants were aerated with 0 mmol mol−1 and three with 4.5 h. After 1.5 h the CO 2 efflux rate increased by 26% consumption increased by 36% when rhizosphere CO 2 concentrations were increased from 0 mmol mol−1 to c. 2000 mmol mol−1 (Fig. 2) . Concomitantly, the rate of CO 2 efflux from the roots decreased by 54% from 176 nmol g−1 DW s−1 in roots aerated with 0 mmol mol−1 CO 2 to 114 nmol g−1 DW s−1 at c. 2000 mmol mol−1 rhizosphere CO 2 . This resulted in a lower respiratory quotient (RQ) at elevated DIC concentrations. Very similar results were obtained in a repeat of this experiment (data not shown). When O 2 consumption was measured over a 7 h period after transition from 0 to 2000 mmol mol−1 CO 2 , a significant increase in O 2 consumption and a decrease in CO 2 release was found within Carbonic anhydrase activity therefore the RQ increased from 1.3 to 1.8 after the addition of DIDS. In comparison to plants supplied with 0 mmol mol−1 CO 2 , 4000 mmol mol−1 CO 2 had no significant influence on the Root DI14C and NO− 3 uptake consumption of O 2 , although CO 2 release was decreased DI14C accumulation was inhibited by 44% by 0.2 mM by 30% (Fig. 4) . The lack of increase of O 2 consumption AZ and by 81% by 0.15 mM EZ ( Fig. 5) . Nitrate uptake in response to elevated DIC in this experiment, in contrast was inhibited by 40% after the addition of 0.15 mM EZ to the findings from previous experiments (Figs 2, 3) , and was stimulated by 40% by the addition of 0.2 mM was due to the short equilibration period used in this AZ (Fig. 5) . DIDS (0.3 mM ) stimulated the accumulaexperiment (1.5 h). The membrane-impermeable inhibitor tion of DI14C by 32% and inhibited NO− 3 uptake by 45%. of CA, AZ, had no significant effect on CO 2 efflux at 4000 mmol mol−1 CO 2 ( Fig. 4) . AZ did, however, inhibit Inhibition of respiration by SHAM and KCN O 2 consumption by 42% and thus increased the RQ. Addition of the membrane-permeable inhibitor of CA,
The engagement of the alternative pathway was determined by adding SHAM and KCN in succession. There EZ, led to a further 60% decrease in O 2 consumption and a RQ value of 2.4.
was a 33% greater engagement of the alternative pathway in the plants supplied with elevated DIC. Very similar Inhibition of anion transport results were obtained in a repeat of this experiment (data not shown). Release of CO 2 was greatly reduced by both The addition of DIDS, an inhibitor of anion trans-SHAM and KCN additions, especially in the roots aerated port, led to a 12% increase in the CO 2 release rate with elevated DIC ( Table 3 ; Fig. 6 ). After KCN was at 2000 mmol mol−1 rhizosphere CO 2 concentration ( Table 2) . Oxygen consumption was not influenced and Barneix et al. (1984) , this would contribute to further increases in RQ. Furthermore, oxaloacetate produced from PEP carboxylation does not necessarily enter the TCA cycle. aspartate and asparagine . These processes which consume DIC would result in changes in RQ which may be sensitive to exogenous DIC concentraadded to plants aerated with 2000 mmol mol−1 rhizotions and the form of N nutrition supplied. sphere CO 2 , a transient net consumption of CO 2 occurred. Cytochrome oxidase (Palet et al., 1992) and succinate dehydrogenase activities (Gonzàlez-Meler et al., 1996) Discussion are inhibited in vitro by DIC. Isolated mitochondria do not have an active CA-PEPc system for conversion of Incorporation of DIC into organic acids through root CO 2 into organic acids which may be effective in anaplerPEPc activity probably accounts otic or allosteric stimulation of TCA cycle and electron for decreased CO 2 flux with elevated rhizosphere DIC transport activity. The stimulation of O 2 consumption in concentrations. Increased root O 2 consumption by NO− 3 -NO− 3 -fed plants by DIC observed here, in contrast to the fed plants supplied with elevated rhizosphere CO 2 conceninhibition of electron transport reported by Gonzàlez-trations (Fig. 2 ) may be associated with the energy Meler et al. (1996) , may thus be attributed to the fact requirements for increased NO− 3 uptake (Cramer et al. , that intact root tissue was used in these experiments 1996) or the effects of DIC incorporation on TCA cycle in which stimulation of alternative pathway activity activity. The slow adjustment of the rate of respiration exceeded decreased cytochrome pathway activity. to elevated DIC and the transient increase in CO 2 release Inhibitory effects of elevated DIC on O 2 consumption after 1.5 h (Fig. 3 ) may indicate that changes were not were observed in plants supplied with NH+ 4 nutrition. simply due to increased substrate availability for PEPc, This was accompanied by a 60% decrease in CO 2 efflux but required alterations in metabolic regulation, possibly resulting in slow rates of CO 2 release (34 nmol g−1 involving protein synthesis.
The RQ for the complete glycolytic and TCA cycle DW s−1) at elevated DIC. Unlike NO− 3 , assimilation of nutrient NH+ 4 occurs exclusively in the root, often with tion ( Fig. 5 ) may be attributable to reduced uptake of DIC from the nutrient solution and reduced O 2 consumpadverse consequences for root growth due to alterations in carbon partitioning . Uptake tion resulting in greater CO 2 efflux per O 2 consumed. Ethoxyzolamide reduces the proportion of respiratory of NH+ 4 has been shown to be inhibited by elevated DIC concentration (Cramer et al., 1996) . Furthermore, and exogenous CO 2 which equilibrates with HCO− 3 , resulting in greater loss of CO 2 from the tissue (Amory assimilation of NH+ 4 may impede TCA cycle activity due to the withdrawal of 2-oxoglutarate from the TCA et al., 1991). Addition of EZ resulted in a large increase in RQ ( Fig. 4) showing that the reduced availability of cycle for transamination/transamidation. Rapid entry of oxaloacetate, the first product of PEP carboxylation, into HCO− 3 for PEPc fixation had a negative effect on respiratory electron transport. At elevated DIC concentrations the mitochondrion and reduction to malate inhibits electron transport due to the NADH requirements in the the CO 2 efflux rate was lower than at low DIC concentrations, even after the addition of the inhibitors AZ and matrix (Douce et al., 1997) . In addition, rapid incorporation of DIC by PEPc occurs in plants supplied with EZ (Fig. 4) . Therefore, dark incorporation of DIC by PEPc at elevated DIC continued at a relatively high rate NH+ 4 nutrition . These processes may have contributed to the low O 2 consumption compared to that at low DIC concentrations, indicating that CA activity is important, but that DIC incorporation and CO 2 efflux rates in plants supplied with NH+ 4 nutrition at elevated DIC.
does occur in its absence. The greater sensitivity of DI14C incorporation than of respiration to AZ and EZ is due The increase in alternative pathway activity with elevated DIC was c. 10 nmol g−1 FW s−1 ( Table 3) , which at to the fact that respiratory CO 2 release is almost c. 10-fold more rapid than incorporation of exogenous DIC least partially accounts for the c. 10-30 nmol g−1 DW s−1 increase in total respiratory O 2 consumption observed (Cramer and Lips, 1995) , therefore limiting the magnitude of effects that the inhibitors have on net CO 2 flux. with elevated DIC concentrations. Williams et al. (1992) found increased cytochrome and alternative pathway
The assimilation of NH+ 4 into amino acids requires CO 2 fixation by an anaplerotic reaction, which replenishes activity in the leaves of barley grown at elevated CO 2 concentrations and Palet et al. (1992) found that alternat-TCA cycle intermediates consumed in amino acid synthesis (Amory et al., 1991) . This requirement should, ive pathway activity was greatly stimulated by supply of 20 mM DIC to intact green plant tissue. Oxaloacetate therefore, decrease when amino acid synthesis decreases. DIDS inhibits anion exchange by blocking the anion and malate entering the mitochondrion may be oxidized via the TCA cycle or may be converted to pyruvate by channel and by inhibiting ATP-dependent H+ transport ( Varanini et al., 1995) . DI14C accumulation increased by malic enzyme and then enter the TCA cycle (Lambers, 1997) . Pyruvate and malate, under conditions favouring 32% after the addition of DIDS, possibly due to DIC entering the root as 14CO 2 and inhibition of H14CO− 3 pyruvate formation, have been shown to activate the alternative pathway due to allosteric modification of the re-release by DIDS (Fig. 5 ). Nitrate uptake decreased by 45% after the addition of DIDS (Fig. 5 ). These data are oxidase (Lambers et al., 1996b) . Thus the alternative pathway may be functioning as an 'energy overflow' compatible with the hypothesis that when NO− 3 uptake is blocked, the requirement for anaplerotic carbon for system (Lambers, 1997) at elevated DIC concentrations enabling carbon and nitrogen metabolism with minimal amino acid synthesis will decrease, resulting in decreased PEPc activity and, therefore, increased net CO 2 release oxidative phosphorylation.
Carbon dioxide release was inhibited more at elevated ( Table 2 ). According to Barneix et al. (1984) , however, HCO− 3 may also be exchanged for NO− 3 influx. It is not than at low rhizosphere DIC concentrations after the addition of SHAM and KCN ( Table 3 ). This can be clear, however, whether such an exchange could occur directly or through a 2H+5NO− 3 symport associated with explained by a higher CA-PEPc activity at elevated DIC consuming respiratory and exogenous CO 2 . The decrease cytoplasmic HCO− 3 neutralization of H+ and consequent release of CO 2 which diffuses across the plasmalemma. over time in net DIC fixation by roots supplied with elevated DIC after the addition of SHAM and KCN Addition of AZ resulted in increased NO− 3 uptake that may result from increased efflux of DIC from the root ( Fig. 6 ) may be due to limitation in the provision of PEP by glycolysis for carboxylation as a result of inhibition due to alteration of the rate of CO 2 /HCO− 3 equilibration in the cell wall in the absence of CA activity. Uptake of of electron transport.
At the pH of the nutrient solution used in this study NO− 3 was inhibited by EZ which may indicate blockage of the hypothesized NO− 3 /HCO− 3 exchange mechanism (5.8), CO 2 is the major (78%) inorganic carbon species present. The addition of CA inhibitors, AZ and EZ, or inhibition of NO− 3 assimilation by diminished availability of anaplerotic carbon ( Fig. 5) . should inhibit the rapid CA catalysed equilibration of CO 2 with HCO− 3 (Amory et al., 1991) which is the form In conclusion, enhanced CA-PEPc incorporation of DIC at elevated DIC concentrations provides carbon of DIC used by PEPc. The increased RQ of plant roots exposed to AZ (Fig. 4) 
